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Oriented circular dichroismTat signal peptides provide the key signature for proteins that get exported by the bacterial twin arginine
translocase. We have characterized the structure of the PhoD signal peptide from Bacillus subtilis in suitable
membrane-mimicking environments. High-resolution 13C/15N NMR analysis in detergent micelles revealed a
helical stretch in the signal peptide between positions 5 and 15, in good agreement with secondary structure
prediction and circular dichroism results. This helix was found to be aligned parallel to the membrane surface
according to oriented circular dichroism experiments carried out with planar lipid bilayers. The N-terminal
α-helix exhibits a pronounced amphiphilic character, in contrast to the general view in the literature. So
far, signal sequences had been supposed to consist of a positively charged N-terminal domain, followed by
an α-helical hydrophobic segment, plus a C-terminal domain carrying the peptidase cleavage site. Based
on our new structural insights, we propose a model for the folding and membrane interactions of the Tat sig-
nal sequence from PhoD.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The twin-arginine translocase (Tat) in bacteria and chloroplasts is
an export pathway dedicated to the transport of proteins across cellu-
lar membranes. Unlike the well-known secretory (Sec) pathway, the
Tat system is able to transport fully folded proteins including their
co-factors [1,2]. In most species the Tat system is promiscuous and
will accept any protein that carries an appropriate signal peptide
[2]. The Gram-positive bacterium Bacillus subtilis, however, con-
tains two distinct Tat systems for two speciﬁc cargoes: for the
phoshodiesterase PhoD, and for the iron-dependent peroxidase
YwbN [3,4]. The Tat translocase for PhoD has been widely studied,
because it can be selectively addressed in foreign organisms, and
it has a particularly simple composition. The entire PhoD transloca-
tionmachinery in B. subtilis consists of only two integral membrane
proteins, TatAd and TatCd [1,2]. The TatCd receptor recognizes
the cargo protein PhoD by its N-terminal signal peptide (SP),
which contains a conserved twin-arginine motif [5]. Association
of the SP/TatCd complex with a stoichiometric excess of the pore-
forming unit TatAd then leads to the assembly of the translocation-
competent pore [6]. Neither the recognition event nor the transport
process is understood on a molecular level, since the three-
dimensional structures of the participating components are notx: +49 721 608 44823.
rights reserved.available in the translocation-competent state. So far, global CD
structure analysis of TatCd [7] has been reported, as well as two
high-resolution NMR studies for TatAd in lipid membranes [8–10]
and in detergent micelles [11]. The aim of the present study was
to characterize the structure of the signal peptide that directs the
natural precursor protein to the translocase [12]. Given the difﬁcul-
ties in obtaining 3D structures of membrane-bound complexes, we
focus here on the peptide conformation and its interaction with
model membranes. Interactions with the other two components
TatAd and TatCd are not addressed in this work.
All proteins that are destined for transport across a membrane
barrier are expressed as preproteins with special N-terminal tags.
These signal sequences guide the cargo to the designated transloca-
tion machinery, i.e. for Sec- or Tat-export, and for mitochondrial or
chloroplast import [13]. Their primary sequences vary considerably,
but three distinct domains are recognizable in the signal peptides of
all pathways [14]. The N-terminal region (n-domain) typically con-
tains one or more positively charged residues, the central stretch
consists of many hydrophobic residues that often form an α-helix
(the so-called h-domain), and the C-terminal region (c-domain) con-
tains in most cases a cleavage site for signal peptidases [15]. Tat signal
sequences additionally feature the name-giving twin-arginine motif
S/TRRxFLK at the boundary between the n-domain and the hydro-
phobic core [16,17].
Signal sequences generally have a high afﬁnity for biological mem-
branes, as shown, e.g., for the Tat-translocation sequence of the HiPiP
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independent of the actual translocation event, the contact of the sig-
nal peptide with the membrane lipids is often regarded as the ﬁrst
step in translocation [20]. The interaction with the proteinaceous
components of the translocase could thus proceed efﬁciently within
the plane of the membrane as a subsequent step. The common con-
sensus in literature points to an interaction of the cationic amino
acids in the n-domain with anionic phospholipid head groups [21].
It has also been suggested that membrane binding involves both elec-
trostatic attraction, as well as insertion of the hydrophobic core of the
signal sequence into the lipid bilayer [22]. For example, Shanmugham
et al. proposed a model for the early steps in protein translocation,
which attributes the interactions between precursor protein and
membrane to electrostatic as well as hydrophobic contributions,
based on surface plasmon resonance spectroscopy [19].
Despite the general high afﬁnity of signal sequences to mem-
branes, the functional relevance of such direct interaction is still
under debate. Various arguments have been proposed for the differ-
ent translocation systems, depending on the properties of the signal
sequence and on the presence of cytosolic targeting factors. As the
Tat pathway does not involve cytosolic targeting factors, it seems rea-
sonable on the one hand that membrane binding of the signal peptide
would be the ﬁrst step in translocation [21]. On the other hand, a sol-
uble TatA oligomer has been suggested to be present in the cytosol to
receive the cargo-protein [23]. For Sec-mediated bacterial outer
membrane proteins, electrostatic and hydrophobic interactions with
the lipid bilayer have been demonstrated on the one hand, involving
a hydrophobic α-helix [15,24–26]. On the other hand, the Sec-
pathway is known to involve cytosolic targeting factors. Mitochondri-
al presequences can also involve helical secondary structure ele-
ments, which usually exhibit an amphiphilic character (rather than
being hydrophobic), whose amphiphilicity is more critical than the
helicity [27,28]. However, it has been demonstrated that mitochon-
drial presequences most likely make contact directly with outer
membrane proteins and not with the membrane lipids [27,28]. There-
fore, the question concerning a functionally relevantmembrane contact
still remains unanswered, and it appears to be particularly relevant for
the Tat-translocation system lacking a designated targeting factor.
The Tat signal peptide of PhoD from B. subtilis contains both posi-
tive and negative charges in the N-terminal segment. Hence it is dis-
putable whether in this case an electrostatic interaction would be
involved in binding the anionic bacterial membrane. Our present
results suggest that instead an amphiphilic α-helix may get embed-
ded in the membrane as the ﬁrst step of protein translocation. Such
an amphiphilic fold located in the n-domain (S5–K15) is unusual
and has not been reported before. Insertion of a different, hydropho-
bic α-helix in the h-domain is often regarded to be a second step after
the initial membrane binding in many organisms, including B. subtilis
[29–31]. In the PhoD signal peptide we indeed found such a region
(D25–V49) in the central segment with an increased probability of
helix formation. Based on these results we propose a comprehensive
model for the process of membrane binding that may initiate the
translocation via TatAd/Cd in B. subtilis.
2. Experimental procedures
2.1. Expression and puriﬁcation of the signal peptide (SP) construct
Starting point of the production of SP was the vector pQE9PhoDp
[23], containing the gene encoding prePhoD. A DNA fragment includ-
ing the gene encoding the signal peptide of PhoD from B. subtilis
strain 168, ﬂanked by the two restriction sites NdeΙ and XhoΙ, was
generated from this vector by PCR using suitable primers. The
resulting product was cut with NdeI and XhoI and cloned into vector
pET28a(+). Additionally, a thrombin cleavage site was inserted in
front of the C-terminal His-tag, yielding the plasmid pET28a(+) SP-Throm-His, which allows the expression of the signal peptide with a
removable C-terminal His-tag. After transformation of the plasmid
into Escherichia coli strain BL21 (DE3) or BL21 (DE3) pLys (Novagen/
Merck Chemicals, Darmstadt, Germany), the cells were grown at 37 °C
to an optical density (OD600) of 0.6–0.8 in LB medium (10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl) supplemented with
50 μg/mL kanamycin. 0.5 mM isopropyl-β-D-thiogalactopyranoside
was employed as inductor, and the cells were collected after 24 h.
For the expression of uniformly 13C/15N-labeled protein we used
M9 minimal medium, supplemented with 2 g/L of 15NH4Cl and 2 g/
L 13C-α-D-glucose (from CortecNet).
Cells were lysed by sonication, and the protein was solubilized
from the cell debris and membrane fractions using the detergent
N-lauroyl-sarcosine (NLS) (Sigma-Aldrich, Germany). The highest
amount of SP was found in the membrane fraction, suggesting that
the signal peptide is membrane associated. The solubilized protein
was puriﬁed using Ni-NTA afﬁnity chromatography in the presence
of NLS. The crude protein was dialyzed to remove the detergent
prior to thrombin cleavage, which was carried out in HisTrap binding
buffer (instruction manual, HisTrap HP, 5 mL, Amersham Biosciences,
Germany) to remove the C-terminal His-tag for the CD and OCD sam-
ples. The cleavage enzyme was removed from the thrombin cleavage
mixture using a benzamidine column. A second Ni-NTA afﬁnity chro-
matography step was carried out to remove the His-tag and any
uncleaved protein. Dialysis against doubly-distilledwater then followed
to remove the NLS, whereupon the signal peptide precipitates. Lyophi-
lization of the precipitate yielded the protein as awhite powder,with an
average yield of about 4 mg protein per L cell culture for 13C/15N-la-
beled SP, and 10 mg/L for SP. MALDI analysis conﬁrmed the correct
mass (6618.4 Da), and SDS-PAGE showed a single band of ~10 kDa. As
typical for most proteins produced by the prokaryotic E. coli system, the





2.2. Circular dichroism spectroscopy
The lyophilized SP was dissolved in triﬂuoroethanol (TFE)/phosphate
buffer (10 mM, pH 7.4) (1/1, v/v), or reconstituted in detergent micelles
and in lipid vesicles. Formicelle samples, 0.1 mgproteinwas dissolveddi-
rectly in 250 μL of a solution of sodiumdodecylsulfate (SDS) (AppliChem)
at a ratio of SP/detergent of 1/200 (mol/mol). To reconstitute the protein
(0.0125 mg–0.05 mg per sample) into lipid vesicles, SP and the desired
mixture of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DMPG) were
dissolved in 1% NLS and added together. Three different SP/lipid ratios
were used for the measurements: 1/25, 1/50 and 1/100 (mol/mol),
resulting in protein concentrations of 0.4 mg/mL, 0.2 mg/mL, and
0.1 mg/mL, respectively. To remove the detergent the protein/lipid
mixtures were incubated with bio-beads (Bio-Rad, Munich), yielding
large unilamellar vesicles. These were subsequently treated in an ultra-
sonic bath for 15 min to create small unilamellar vesicles. All vesicle
samples were kept at 30 °C in the ﬂuid liquid crystalline state until
the measurement.
The CD spectra of SP in aqueousmicelle solutions and in vesicle sus-
pensionswere recorded as previously described [8]. Micellesweremea-
sured at 20 °C and the vesicles at 30 °C (i.e. above the main lipid phase
transition of DMPC/DMPG), as controlled by a water-thermostatted
sample cell holder. For each CD spectrum three consecutive scans
were averaged, acquired at a rate of 10 nm min−1, 8 s response time,
and with 1 nm bandwidth. Spectra analysis software (Jasco, Easton,
MD) was used to smoothen the spectra by an adaptive smoothing
method. The secondary structure content was analyzed using the
CONTIN-LL [32,33] and CDSSTR [34] algorithms provided by the
DICHROWEB server [35,36]. The agreement of the experimental
spectra and the back-calculated spectra corresponding to the
Fig. 1. (A) CD spectra of the PhoD signal peptide from the Bacillus subtilis TatAd/Cd
translocase, measured in 50% TFE (—) and SDS micelles (P/D 1/200 (mol/mol)) (⋅-⋅-⋅-⋅) at
20 °C, and in DMPC/DMPG vesicles (shown P/L 1/25 (mol/mol)) (⋅⋅-⋅⋅ DMPC, ————
DMPC/DMPG 80/20, ⋅⋅⋅⋅⋅⋅ DMPC/DMPG 30/70) at 30 °C. The protein has a typical α-helical
conformation in all these membrane(‐mimicking) environments. (B) Oriented CD (OCD)
spectra of the signal peptide in planar lipid bilayers (P/L 1/100 (mol/mol)) of different
DMPC/DMPG ratios (⋅⋅-⋅⋅ DMPC, ———— DMPC/DMPG 80/20, ⋅⋅⋅⋅⋅⋅ DMPC/DMPG 30/70),
acquired at 30 °C and97% relative humidity. The spectra arenormalized to the same intensity
at 225 nm to illustrate the similarity in the lineshapes. These spectra showahelix orientation
almost parallel to the membrane surface.
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mean square deviation (NRMSD), with a value of b0.1 indicating a
good ﬁt [36]. For secondary structure estimation the mean residue
ellipticities were calculated, using the concentration of the SP pro-
tein solution as determined from the absorbance of the protein at
280 nm [37].
2.3. Oriented CD spectroscopy
Macroscopically oriented CD samples were prepared as follows.
An 80 μL aliquot (containing 0.2 mg lipid and 0.02 mg SP) of the SP
vesicle suspensions used for the CD measurements was deposited
on a quartz glass plate with a 20 mm diameter, forming a circular
spot of ~12 mm diameter, and dried under a gentle stream of air.
The samples were rehydrated for 15 h at 30 °C in the sample cell
used for OCD measurements, which had been manufactured in-
house as previously described [38,39], and which is equipped with a
reservoir of saturated K2SO4 solution to maintain 97% relative humid-
ity. The thin bilayer samples formed this way reduce the possibility of
undesired spectral artifacts caused, e.g., by linear dichroism [40]. To
further reduce artifacts due to linear dichroism arising from imperfec-
tions in the sample, strain in the quartz glass windows, or imperfect
alignment of the windows [41], OCD spectra were recorded every
45.0° of rotation of the cell and averaged [42]. For OCDmeasurements
the same data acquisition parameters were used as in the normal CD
experiments described above. Background spectra of lipid bilayers
(without protein) were subtracted from all OCD spectra.
2.4. Nuclear magnetic resonance spectroscopy
For NMR experiments, 4 mg of protein powder were dissolved in
500 μL of sodium phosphate buffer (10 mM, pH=6.6) containing
450 mM d25-SDS and 20% (v/v) D2O. 15N-HSQC spectra were acquired
at temperatures between 30 and 40 °C on a Bruker Avance II 600
spectrometer equipped with a broadband triple resonance probe,
with typically 16 scans and a total of 128 increments in the indirect
dimension. The backbone 1H, 13C and 15N resonances were assigned
by standard triple resonance experiments (HNCACB, HNCA, and
CBCA(CO)NH), acquired at 35 °C [43]. A 15N-edited 3D NOESY was
recorded at 37 °C with 90 ms mixing time, and 130 and 40 incre-
ments in the indirect 1H and 15N dimensions, respectively. Data




When the PhoD signal peptide is recombinantly produced in E. coli,
the 59-amino acid protein is found to be localized in the membrane
fractions, fromwhich it has to be solubilized with the aid of detergents.
The puriﬁed product is insoluble inwater and not amenable to CD spec-
troscopy in aqueous buffer. To examine its membrane afﬁnity and
aggregation tendency, we have characterized the secondary structure
in TFE/phosphate buffer (1:1), and in the anionic detergent SDS. The
signal peptide was also reconstituted in zwitterionic DMPC vesicles
and in mixtures of DMPC with anionic DMPG (molar ratios of 80/20
and 30/70) to examine the inﬂuence of lipid charge. Our aim was to
test the hypothesis that an interaction could occur between cationic res-
idues on SP and anionic bacterial lipids [21]. Fig. 1A shows that
the characteristic CD lineshapes are very similar for all membrane-
mimicking environments studied, only the intensity in 50% TFE exceeds
the others.
The protein is obviously well soluble in detergents and in the pres-
ence of lipids, as it takes on a considerable degree of helical structure,
without any signs of aggregation. The secondary structure content wasestimated using two different algorithms [32–34] (giving essentially
the same results). In the presence of TFE, which is a well-known
helix-inducing solvent, the helix content was found to be about 50%.
In the different lipid mixtures as well as in SDS micelles, SP was found
to adopt a conformation with an α-helix content of about 20–25%.
This percentage corresponds to ~11–15 residues out of 59 in the total
sequence. Notably, a helix content of ~25% appears to be a reasonable
value, under the implicit assumption that the hydrophobic h-domain
(predicted from D25 to V49) of the signal sequence adopts an α-
helical secondary structure.3.2. Oriented CD spectroscopy
For the oriented CD (OCD)measurements, SP-containing lipid ves-
icles with a protein/lipid ratio of ~1/100 were deposited on a quartz
glass window to create macroscopically oriented membrane samples.
OCD was used to qualitatively determine the orientation of the signal
peptide in the bilayer, using the same lipid systems as for CD. Based
on the presence or absence of the band around 208 nm, and its inten-
sity compared with the band at 220 nm, it is possible to discriminate
between a transmembrane orientation and a surface alignment of
α-helical segments in membrane-bound proteins [8,41,46–48]. An
intensity near zero would indicate a transmembrane helix, a pro-
nounced negative band at 208 nm with slightly higher intensity
than the band at 220 nm is characteristic for a surface-bound state.
3028 M.J. Klein et al. / Biochimica et Biophysica Acta 1818 (2012) 3025–3031Any value in‐between usually correlates with a certain oblique tilt
angle of the peptide (though it could theoretically also indicate a
co-existence of both, surface aligned and transmembrane peptides).
Fig. 1B shows a distinct negative band at 208 nm, almost as intense
as the band at 220 nm, suggesting that the helical SP segment is ori-
ented almost parallel to the membrane surface. A close to parallel
alignment is furthermore supported by the unshifted position of
the band at 190 nm compared to the CD spectrum of non-oriented
samples (Fig. 1A) [8,41,48]. Whether the peptide adopts a unique
tilted orientation or covers a range of different angles cannot be con-
cluded from the OCD data alone, however, it is clear that the helix
is not present in a predominantly transmembrane orientation. All
lipid systems yielded essentially the same alignment of SP, and no
difference was seen in anionic and zwitterionic lipids. The observed
alignment parallel to the membrane surface is typical for amphiphil-
ic helices. This ﬁnding is clearly incompatible with a hydrophobicFig. 2. (A) Prediction of the probability of helix formation in the sequence of the signal
peptide obtained using different prediction programs (⋅-⋅-⋅Jpred3 [49], ⋅⋅⋅⋅⋅⋅ ProtScale
(Levitt) [50], ———— ProtScale (Deleage & Roux) [50], — NetSurfP [51]). A high proba-
bility for a helix was found in the range S5–K15, and a lower probability in the hydro-
phobic region (~D25–V49). (The probability curves of ProtScale (Deleage & Roux),
ProtScale (Levitt), Jpred3 are shifted vertically by 1, 2, and 3, respectively. The gray
boxes represent the helical regions found using NMR and shown in Fig. 5). (B) Hydro-
phobic moment along the sequence of the signal peptide, calculated as average over a
window of 11 amino acids. The highest value was found in the region S5–K15 in the
n-domain of the signal peptide.membrane-inserted α-helix, which may have been expected from
reports on other signal peptides in the literature [19]. In the light of
these qualitative OCD results, we proceeded to localize the position
of the observed helical segment in the sequence of the PhoD signal
peptide.
3.3. Secondary structure prediction and calculation of the
hydrophobic moment
The SP sequence was examined with different secondary structure
prediction programs (Jpred3 [49], ProtScale (Levitt) [50], ProtScale
(Deleage & Roux) [50], NetSurfP [51]), as illustrated in Fig. 2A. All sec-
ondary structure predictions show the highest probability for a helix
for the range of S5–K15, and another lower probability for the hydro-
phobic region (D25–V49). The stretch of ten amino acids between po-
sitions 5 and 15, which was predicted to adopt a helical conformation
with high probability, could readily account for the 20–25% helicity
observed by CD on the membrane-bound peptide. When including
also the second, weakly helical stretch in the hydrophobic core, the
two helical regions taken together would amount to about ~50%, in
good agreement with the fraction observed by CD in TFE/phosphate
buffer.
When calculating the hydrophobic moment along the whole pro-
tein sequence (using a window of 11 amino acids), the highest value
was found in the region of S5–K15 in the n-domain, as illustrated in
Fig. 2B. When plotted as a helical wheel or as a ﬂat projection, this re-
gion shows a distinct amphiphilic character. All hydrophobic residues
(yellow) and all charged residues (red and blue) in Fig. 3 are segre-
gated on opposite faces of the putative helix. Such an amphiphilic
α-helix, as opposed to a hydrophobic transmembrane helix, would
be fully consistent with the surface alignment observed by OCD.
3.4. NMR spectroscopy
To verify the α-helical conformation in the predicted region
(S5–K15), we analyzed uniformly 13C/15N-labeled SP in SDS micelles
by high-resolution NMR. From the characteristic chemical shifts of the
backbone 13C signals it is possible to determine the local secondary
structure. 15N-HSQC was used as “ﬁngerprint” to assess its degree of
folding, and of the quality of the sample in terms of resolution
(Fig. 4A). The low signal dispersion observed for SP indicates a largely
unfolded peptide. Even though the HN cross peaks in the 15N-HSQC
spectrum lie within a narrow range between 112 ppm and 125 ppm
(only glycines are between 100 ppm and 110 ppm), it was possible toFig. 3. (A) Helical wheel plot of the n-domain S5–K15 in the signal peptide. This segment,
possessing the largest hydrophobic moment, has a pronounced amphiphilic character, in
which all hydrophobic residues (yellow) and all charged residues (red and blue) are
placed on opposite faces of a putative helix. (B) Helical net plot of the amphiphilic helix
using the same color code, as constructed with the home-written program PROTEIN-
ORIGAMI.
Fig. 5. (A) Difference betweenmeasured andaverage randomcoil valuesof theCα andCβ
13C chemical shifts. A difference exceeding 2 ppm for at least three consecutive residues is
used as a measure for helicity. A prominent α-helical region is located in the range
S5–K15, and a second region with a weaker propensity in the hydrophobic region
D25–V49. (B) Illustration of the typical domains that occur in signal peptides in
general.
Fig. 4. 1H,15N-HSQC spectrum of the signal peptide, assigned with the aid of the Cα and
Cβ 13C chemical shifts. The low signal dispersion points to a low diversity in secondary
structure types or low degree of folding, but the high amino acid diversity facilitated an
unambiguous assignment.
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backbone experimentswere used to assign the Cα andCβ chemical shifts.
The high amino acid diversity in the signal peptide facilitated an unam-
biguous assignment. By comparing the measured data with the
random-coil values for typical Cα and Cβ chemical shifts from the
BMRB databank, it was possible to identify the secondary structure.
The difference of the chemical shifts of Cα and Cβ is termed Δ=
δCα−δCβ. A deviation of the observed value (Δobserved) from the aver-
aged random coil value (Δrandom coil) by more than 2 ppm for at least
three consecutive residues is typically regarded as indicative of an
α-helix [52,53].
Reduced values of this difference, falling between the values char-
acteristic for random coil and α-helix, may indicate fast exchange be-
tween folded and unfolded conformations, of which the time average
is observed by NMR. The regions with helical propensity detected this
way lie between S5 and K15 in the n-domain, and between D25
and V49 in the h-domain (Fig. 5A). Interestingly, the helix in the
h-domain of the PhoD signal peptide is interrupted by a helix break
around G38. As the latter region exhibits a reduced chemical shift dif-
ference value, this second helix does not seem to be formed at all
times, but it might loosely interconvert between a stable helix and
random coil-like structures. We did not observe multiple sets of
NMR signals, hence a fast exchange of folded and unfolded conforma-
tions seems more plausible than a coexistence of several long-lived
conformations in parallel. These helical stretches are in good agree-
ment with the regions found by a TALOS analysis, which is based on
the empirical relationship between 1H/13C/15N chemical shifts and
the φ/Ψ backbone torsion angles [54].
NOE-derived distance restraints from 15N-edited NOESY can pro-
vide detailed insight into the structure of proteins. The spectra of SP
showed sequential NOEs in the expected helical regions, which are
characteristic for an α-helix, but full assignment and 3D structure
analysis was precluded by spectral overlap. Nevertheless, reduced
NOE signals between water and the amide protons were interpreted
as a further indicator for helical segments embedded in the detergent
micelle and protected from the aqueous phase. Such reduced watercontacts indicate the presence of two helical segments (S5–K15 and
D25–V49), which coincide very well with the regions suggested above.
4. Discussion
Amphiphilic helices endowproteinswith the ability to bind tomem-
branes [55–57]. The present study revealed a prominent amphiphilic
helix in the n-domain of the PhoD signal peptide from B. subtilis. This
was an unexpected ﬁnding, because previous reports on the interaction
of various signal peptides with membranes had never noted or postu-
lated such an amphiphilic helix. Instead, the initial binding had been at-
tributed to electrostatic attraction between cationic amino acids in the
n-domain and anionic lipid head groups [21] and insertion of the hydro-
phobic h-region into the lipid bilayer was supposed to be the second
step in the translocation process [29–31].
Circular dichroism measurements showed that the signal peptide
has an α-helix content of about 20–25% when bound to lipid mem-
branes, irrespective of lipid charge. This percentage corresponds to
~11–15 residues and may at ﬁrst sight seem to be consistent with a
helix in the hydrophobic region-domain, as reported in previous
studies [15]. However, our oriented circular dichroism analysis unex-
pectedly revealed a helix alignment essentially parallel to the mem-
brane surface rather than a transmembrane insertion, which does
not seem plausible for a hydrophobic helix.
A more detailed sequence analysis of the signal peptide gave rise
to a new picture of the membrane interaction of this sequence. A sig-
niﬁcant helix propensity in the hydrophobic domain was identiﬁed,
as predicted from earlier reports, but it was found to be split into
two. Most remarkably, however, an even more pronounced addition-
al helix was indicated between positions S5 and K15 in the n-domain.
This observation is in contrast to earlier assumptions of a generally
unstructured conformation [15,58], though it is important to note
that the n-domain of the PhoD signal peptide is considerably longer
than most other signal sequences (see Supplementary Fig. A1).
Another unexpected structural feature was noted when analyzing
the hydrophobic moment along the sequence of SP from PhoD.
It turned out that the highest hydrophobic moment is present in
the region S5 to K15, coinciding with the highest helix propensity.
Taken together, these observations suggest the presence of an
amphiphilic helix in the n-domain, whose length matches well
with the 25% helicity determined by CD in the membrane-bound
state. The predicted amphiphilic character also ﬁts well with the
Fig. 6. Proposed model for the ﬁrst steps of binding of the PhoD signal peptide to the
Bacillus subtilis membrane. After attachment via its amphiphilic helix (A), the forma-
tion of a second kinked helix in the h-domain is induced by the proximity of the hydro-
phobic lipid environment (B). A break in the helix around G38 suggests that membrane
insertion may occur via a loop mechanism, as postulated also for other signal peptides
containing a hydrophobic helix in their h-domain (C).
3030 M.J. Klein et al. / Biochimica et Biophysica Acta 1818 (2012) 3025–3031alignment of this helix which was observed to be largely parallel to
the bilayer surface by OCD.
1H/13C/15N-NMR analysis of the chemical shifts in detergent
micelles was used to localize the positions of the helical segments.
A pronounced amphiphilic α-helix in the n-domain of SP was thus
found to extend from S5 to K15. A propensity for the formation of a
second helix was observed in the hydrophobic region (D25–V49), but
the chemical shift indices indicate that this helix is less stable. Both the-
oretical predictions and the NMR analysis indicate that there is a break
around G38 in this helical h-domain of the PhoD signal peptide.
Reduced amide-to-water contacts, as seen in the 1H/15N-NOESY spec-
tra, further support the suggested α-helical stretches in the n-domain
and h-domain. Taken together, 50% of the amino acid sequence
(S5–K15, D25–V49, excluding some amino acids around G38) have
a propensity to form a helix. This fraction matches very well the
50% helicity observed in CD experiments in a TFE/buffer mixture
(1:1), i.e. under maximally helix-promoting conditions. In this sol-
vent, all regions with a propensity for helix formation, including
the segment D25–V49 with reduced helical propensity, are likely to
adopt a helical secondary structure. Taking into account that the
NMR data suggests that the second helical segment D25–V49
might be time-wise partially unfolded or less stable, the total time-
averaged helicity observed byNMRmust be lower than the 50% fraction
of amino acids discussed above. Such a reduced time-average fromNMR
would thus agree well with the 25% helicity observed in detergent
micelles using CD. We thus suggest that OCD reports mostly on the
ﬁrst helix, because of its higher propensity to fold. The observed orien-
tation of the helical peptide in OCD should therefore also be associated
mainly with this ﬁrst, amphiphilic N-terminal helix.
The general literature on Tat translocation systems suggests that
the signal peptides are initially attracted to the membranes by elec-
trostatic interactions. Upon binding, the hydrophobic core should
then adopt an α-helical secondary structure upon binding and may
insert deeply into the membrane [19,22]. So far there have been no
studies of the structure of the PhoD signal peptide from B. subtilis,
and our data suggest some different underlying structures in these
events. The amphiphilic helix which we found in the n-domain could
be formed ﬁrst, i.e. when the PhoD signal peptide approaches themem-
brane. Once this region is embedded in the bilayer, a second helix could
then form in the hydrophobic h-domain.
Evidence has been presented in the literature for another, so-
called loop mechanism or loop-like insertion into the membrane. It
holds for different systems such as the thylakoid Delta pH pathway
[30], for pro-Omp A insertion into the inner membrane of E. coli
[29], and for signal sequences of the endoplasmatic reticulum [31].
In this model, two short hydrophobic helical segments, separated by
a kink, would dip into the membrane rather than spanning the bilayer
completely. The observed break at G38 in the hydrophobic region of
our Tat signal peptide suggests a similar membrane insertion via aloop mechanism. It is therefore tempting to propose the following
model for the interaction between the PhoD signal peptide and the
B. subtilis membrane, as summarized in Fig. 6: After binding to the
membrane via the amphiphilic helix in the n-domain, the nascent
hydrophobic helix in the h-domain of the signal peptide could insert
as a kinked loop into the lipid bilayer. This insertion might help the
cargo protein to make contact with TatCd. A similar model, though
based on binding through electrostatic interactions, has been established
for the signal peptides of OmpA, TorA and DmsA [19].
5. Conclusion
In summary, we found an amphiphilic α-helix in the n-domain of
the Tat signal sequence of PhoD, with an even higher helix propensity
than for the expected hydrophobic helix in the h-domain. We suggest
that the amphiphilic segment serves to attach the cargo protein to the
lipid bilayer as the ﬁrst step of translocation, from where it is then
able to diffuse laterally to the receptor protein TatCd and assemble
with the pore-forming component TatAd. This new model in which
the PhoD signal peptide is driven to the membrane by an amphiphilic
α-helix, differs from previous assumptions, which had attributed
membrane binding only to electrostatic attraction. Most other Tat sig-
nal peptides have a much shorter n-domain than PhoD, with the RR-
motif typically placed right behind the ﬁrst ~5 amino acids. Those
n-domains are obviously too short to form an amphiphilic α-helix,
hence the PhoD mechanism will not apply to these systems. Never-
theless, there exist also some longer sequences in some of the Tat sig-
nal peptides (see Supplementary Fig. A1 for comparison of different
Tat signal peptides). We tested them for the presence of a similar am-
phiphilic helical character, i.e. whether they exhibit a similar hydro-
phobicity and hydrophobic moment as the signal peptide of PhoD.
However, no comparable features were found in any of the other
Tat signal peptides screened (see Supplementary Fig. A1). We thus
discovered here a new structural architecture of a Tat signal peptide,
which could allow the PhoD signal peptide to bind to the membrane
by a novel and rather unique mechanism.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2012.08.002.
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